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INTRODUCTION
Nutrient management legislation has been introduced in Ontario that may force vegetable growers to restrict nitrogen (N) application and improve N use efficiency. Infield nitrate (NO 3 -) and chlorophyll meters have been developed that may rapidly and accurately monitor N concentrations of both soil and tissue and allow for improved N management of these crops.
The Horiba 'Cardy' NO 3 -meter (Horiba Co., Japan) can be used directly in the field for both sap and soil analysis. As with laboratory tissue analysis, NO 3 -standards for every crop and growth phase must be established for proper use of in-field NO 3 -meters (Gardner and Roth, 1989) . The Cardy NO 3 -meter has been used successfully for sap analysis in wheat, rye (Delgado and Follett, 1998) , celery, lettuce, pepper, tomato (Hartz et al., 1993) , potato (Westcott et al., 1993) , and carrot (Warncke, 1996) . Although the meter has not been extensively tested on onions or cabbage, meter readings were correlated with dry matter NO 3 -determinations in other cole crops (Hartz et al., 1993; Kubota et al., 1996; Kubota et al., 1997) . Cardy meter soil NO 3 -readings on mineral soil have been correlated with conventional laboratory techniques in many vegetable crops (Hartz et al., 1993) .
The Minolta SPAD-502 chlorophyll meter (Soil-Plant-Analysis-Development section of Minolta Camera Co., Ramsey, NJ) can be used for a rapid determination of the chlorophyll content of individual leaves. SPAD chlorophyll meter readings have been correlated with tissue total N concentrations in corn (Dwyer et al., 1991; Wood et al., 1992; Piekielek and Fox, 1992; Blackmer and Schepers, 1994) , wheat (Follett et al., 1992; Reeves et al., 1993) , and rice (Turner and Jund, 1991) . No reports were found on the use of the SPAD chlorophyll meter on these vegetable crops. The benefit of chlorophyll meters is they can be used to identify deficiencies without the establishment of critical levels for every crop. Field chlorophyll readings can be compared to an in-field reference plot that has been adequately fertilized (Blackmer and Schepers, 1995) , because chlorophyll levels reach a plateau in adequately fertilized crops (Schepers et al., 1992) .
The objectives of this study were: 1) to evaluate the potential of the SPAD chlorophyll and Cardy NO 3 -meters for N monitoring and management tools in cabbage, onions, and carrots through a comparison of meter readings to laboratory analysis, and 2) to evaluate the effect of plant structure on meter use.
MATERIALS AND METHODS
Nitrogen Carrots and onions were grown on organic soil in 2000 and 2001. 'Hamlet' onions were direct seeded (36 seeds/m) into the field with 40 cm row spacing. 'Idaho' carrots were direct seeded (80 seeds/m) into the field in hills 20 cm high and 86 cm apart. Plots were arranged in a split plot design with N rate as the main plot and cultivar as the subplot with four replications.
Cabbage, carrots, and onions were grown on mineral soil in 2000 and 2001 . 'Atlantis' cabbage was seeded in plastic plug trays, and transplanted into the field with row spacing of 75 cm and within row spacing of 45 cm. 'Winner' onions were direct seeded (10 seeds/m) (2000) and seeded in plastic plug trays and transplanted (2001) into the field with row spacing of 75 cm and within row spacing of 15 cm. 'Annapolis' (2000) and 'Idaho' (2001) carrots were direct seeded (80 seeds/m) into the field with row spacing of 35 cm. Plots were arranged in a randomized complete block design with four replications. Total yield of cabbage, onions, and carrots was assessed at maturity.
Nitrogen was applied at 0, 50, 100, 150, and 200% of the Ontario Ministry of Agriculture, Food, and Rural Affairs' recommendations on carrots (60 kg/ha N all preplant on organic soil; 110 kg/ha N split 66% preplant/ 33% sidedress on mineral soil) and cabbage (128 kg/ha preplant and 42 kg/ha sidedress on mineral soil, OMAFRA, 2000) . Nitrogen was applied at 0, 100 and 200% of the recommended rate for onions (90 kg/ha N preplant on organic soil; 120 kg/ha split 66% preplant/33% sidedress on mineral soil, OMAFRA, 2000) . In all plots N was applied as calcium ammonium nitrate preplant and potassium nitrate for sidedress applications.
At three times during the growing season (two for carrots on organic soil in 2000), the NO 3 -N concentration of sap and soil was assessed using a Cardy NO 3 -meter, the SPAD chlorophyll meter was used to assess overall tissue N status, and tissue and soil samples were sent for both NO 3 -N and total N analysis. Sap for the Cardy meter NO 3 -N readings was taken from the midrib of a recently mature cabbage leaf at the cupping, early heading, and mature growth stages; three to five petioles of recently mature carrot leaves at the early, mid-season, and late growth stages; and onion roots at the 5-leaf, early bulbing, and mature growth stages. Two Cardy readings per replicate were taken in 2000 and this was doubled in 2001. When plants were at the same growth stages selected for the Cardy sap analysis, SPAD chlorophyll meter readings were taken from 5 and 10 mature leaves per replicate in 2000 and 2001, respectively . Tissue samples for laboratory analysis were also collected from recently mature wrapper leaves in cabbage, petioles in carrots, and leaf blades in onions. Eight to ten soil cores, 20 cm deep, were collected from each replicate, mixed and separated for Cardy meter and laboratory soil testing. Tissue samples were dried ( For Cardy NO 3 -N analysis of mineral soil, NO 3 -was extracted using one part potassium nitrate/aluminum sulphate extractant to one part dried soil, stirred for two minutes, filtered, and tested (procedures provided by Spectrum Technologies). For organic soil NO 3 -N analysis in 2000, NO 3 -was extracted using 2:1 distilled water to moist soil, stirred, let stand for 10 minutes, filtered, and tested. In 2001, organic soil was tested using the mineral soil procedure described above, but using a 2:1 extractant to soil ratio due to excessive absorption of extractant into the dried organic soil. To adjust for the 20 ppm NO 3 -N concentration of the extractant, 20 ppm was subtracted from all readings, and organic soil readings in 2001 were then doubled to account for the extra dilution in this procedure.
Meter readings were compared with the results of laboratory tissue and soil analyses using linear correlation analysis. Regression analysis was performed on the effect of N rate on total yield in each plot. Mean separation of yields was done by Fisher's Protected LSD Test. Data were analyzed using the GLM, Univariate, and Corr procedures of SAS version 8.0 (SAS Institute, Cary NC) and the linear models section of Statistix V.4.1. A type I error rate of 0.05 was set for all statistical tests.
RESULTS

Cabbage
SPAD chlorophyll meter readings in cabbage were correlated with tissue total N concentrations determined by laboratory analysis at the heading stage in 2000, and all growth stages in 2001 with double the number of readings per replicate (Table 1) .
There was no relationship between the Cardy NO 3 -meter results for sap analysis on cabbage and laboratory tissue NO 3 -N results at the cupping stage in both years and the heading stage in 2000, but in all other cases Cardy sap readings were correlated with laboratory results (Table 1) . The correlation was strongest in 2001, probably as a result of doubling the number of readings.
There was a significant quadratic relationship between total yield and N application rate in 2000, but no effect of N application rate on yield was detected in 2001 (Table 2) .
Onions
There was a significant linear correlation between SPAD chlorophyll meter readings and laboratory tissue total N results in only the 5-leaf and mature stages on mineral soil in 2000, and a correlation between SPAD readings and laboratory tissue NO 3 -N results in the 5-leaf stage in all plots except on organic soil in 2001 (Table 3) .
Cardy meter sap NO 3 -N readings on onions were correlated with laboratory tissue NO 3 -N results in all sampling dates except the third sampling date in 2000 on mineral soil (Table 3) . On organic soil, a significant correlation was found only in the first two sampling dates in 2000 (Table 3 ).
There were no significant effects of N application rate on total yield of onions in either year or location (Table 2) .
Carrots
SPAD chlorophyll meter readings on carrots were correlated with total tissue N results from laboratory analysis at the second and third sampling dates on mineral soil in 2000 (Tables 4). SPAD readings were also correlated with tissue NO 3 -N concentrations as determined by the laboratory in several instances on mineral soil (Table 4 ). There were no relationships between SPAD readings and total tissue N or NO 3 -N concentrations on organic soil in either year (Table 4) .
Cardy sap NO 3 -N readings showed a correlation with laboratory tissue NO 3 -N concentrations in most sampling dates in both locations and years (Tables 4). The relationship was stronger early and mid-season than at maturity.
There were no relationships between N application rate and total yield in any carrot plot (Table 2) .
Soil Testing
In all crops on mineral soil, there was a high positive correlation between the Cardy NO 3 -meter readings for soil analysis and laboratory soil NO 3 -N analysis results in both years (Table 5) On organic soil, Cardy meter readings were not correlated with laboratory results in 2000, except in carrots at the first sampling date. However, readings were highly correlated with laboratory soil NO 3 -N results in 2001 when the procedure was changed from a soilless media analysis to a modified mineral soil analysis (Table 5) . Cardy readings underestimated soil NO 3 -N concentrations on organic soil in both years.
Meter Use
Average values of SPAD, Cardy, and laboratory tests are summarized (Table 6 ). On cabbage, the SPAD meter was generally easy to use. However, it was difficult to avoid leaf veins with the meter, and leaf veins could alter readings significantly. Altered readings were noticeable and could be easily redone. On onions, it was difficult to attain readings in bright conditions due to light transmittance through the interior of the tubular leaf. Sap from the onion leaves gradually built up on the sensing areas necessitating frequent cleaning. In addition, readings of older leaves were much higher than readings of younger leaves. On carrots, due to the finely dissected leaves, it was difficult to place the sensing area properly over the leaf. Consequently, SPAD analysis on carrots was more time consuming and less accurate than analysis of onions or cabbage.
The Cardy meter was relatively easy to use for NO 3 -N analysis of cabbage midrib sap, but more time consuming than SPAD chlorophyll analysis. On onions, since sap from roots had to be sampled, sap extraction was more difficult than in the other crops. Roots had to be washed, dried, and carefully pressed to attain sufficient sap for the meter, and this doubled the time required for readings as compared to cabbage and carrot sap analysis. The sap test was easy to perform on carrots compared with cabbage and onions. However, a build-up of residue was evident on the meter after numerous carrot readings, which may reduce the lifespan of the replaceable sensor. Although time consuming for soil analysis, the Cardy meter soil test was easy to perform.
DISCUSSION
The success of N analysis with the SPAD chlorophyll meter was highly dependant on the crop tested. SPAD meter readings showed a correlation with laboratory analysis on cabbage in both years, but on onions and carrots the meter was of limited usefulness. The reasons for these differences appear to be twofold. First, since the meter was designed for flat cereal leaves, the cabbage leaf may be more appropriate for SPAD analysis than either onions or carrots. Secondly, there was more variability in yield and leaf colour among treatments in the cabbage than either onions or carrots, which may have provided a greater range of chlorophyll readings for comparison with lab results. Furthermore, a lack of yield differences in onions and carrots suggests that these plants had sufficient N concentrations, and chlorophyll levels plateau in an N sufficiency (Schepers et al., 1992) , limiting the success of correlation analysis. Further research on all three crops is warranted because of the speed of the procedure over other techniques. A suitable analysis of cabbage, involving 40 readings per treatment in this study, required only two minutes to perform. On onions and carrots more time would be required due to the shape of the leaves.
The Cardy NO 3 -meter provided a good indication of actual soil and sap NO 3 -N concentrations in all three crops, but readings were more time consuming than those with a SPAD meter. Cardy meter readings were highly correlated with lab results in most cases. Doubling the number of readings per treatment for sap analysis in 2001 resulted in a much stronger relationship with lab results. Consequently, 10-20 readings were required for an accurate determination of sap NO 3 -N concentrations. For onion root sap analysis, the time required was even longer. Proper soil analysis with the Cardy meter was also time consuming, even though only four or five readings per site were required for accurate analysis of soil.
The Minolta SPAD-502 chlorophyll meter appeared to be a useful tool for cabbage and there is some potential for onion N analysis. On carrots, the SPAD meter was not as successful, which was due to the shape of the leaves. The Cardy NO 3 -meter has potential for use on all three crops because it can be used for both soil and sap analysis, and readings closely matched lab tissue and soil analysis results in most cases. With appropriate standards for tissue and soil NO 3 -N concentrations, the Cardy meter could be a relatively inexpensive and rapid method for N analysis. However, users must be willing to spend some time in the analysis process. 
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